Background: Pulmonary valve replacement (PVR) often is performed in adults with repaired tetralogy of Fallot (TOF). For patients who have tricuspid regurgitation (TR), tricuspid valve (TV) repair associated to PVR is still debated.
Tricuspid valve repair and pulmonary valve replacement in repaired tetralogy of Fallot.
Central Message
Tricuspid valve repair performed at the time of pulmonary valve replacement may be beneficial in selected adult patients with repaired tetralogy of Fallot.
Perspective
For adults with repaired tetralogy of Fallot and who will undergo pulmonary valve replacement, a tricuspid valve repair should strongly be considered in those with severe tricuspid valve regurgitation.
See Editorial Commentary page 224.
See Editorial page 212.
Usually, a tetralogy of Fallot (TOF) is repaired completely during infancy with a transannular patch that relieves right ventricle (RV) obstruction. Then, the right ventricular outflow tract (RVOT) usually grows proportionally with the child. Unvalved RVOT, however, induces long-term pulmonary regurgitation (PR) and causes chronic volume overload of the RV. Resultant delayed RV dysfunction, propensities towards arrhythmia, and potential heart failure may necessitate, in adulthood, a pulmonary valve replacement (PVR). 1 Although PVR in repaired TOF represents in adults a frequent surgical procedure of the RVOT, surgical management of an associated tricuspid regurgitation (TR), which is observed in up to 30% of patients, remains debated. [2] [3] [4] Indeed, only scarce data on the surgical management of TR at the time of PVR have been published so far, with controversial results. [5] [6] [7] [8] In these adult patients with repaired TOF who underwent PVR, we sought to (1) determine factors that predispose to the development of significant preoperative TR and (2) evaluate the efficacy of a concomitant tricuspid valve (TV) repair at the time of PVR.
METHODS Patients
This was a retrospective study conducted in the Bordeaux University Hospital. Between January 2002 and January 2014, a total of 104 adult (aged >16 years) patients (64 male, 40 female) with a repaired TOF or equivalent underwent PVR with insertion of a bioprosthetic valve. Mean and median ages at initial complete correction (corrective surgery) were 20.1 AE 17.2 months and 17 months (ranging from 9 to 182) respectively. Mean and median ages at PVR were 26.3 AE 9.5 years and 22 years (ranging from 16 to 56), respectively. Thirty-seven patients underwent one palliative procedure before complete correction (7 Waterston shunts, 28 Blalock shunts, and 2 percutaneous PV dilatations). Patients who received a valved conduit during initial correction were excluded from the study. At the time of PVR, 94 patients had severe PR; 10 patients had mixed lesions with moderate stenosis. Demographic data, diagnoses, and procedures are listed in Table 1 .
Ethics
A review of the medical records was undertaken after the institutional ethic committee of Bordeaux University Hospital had approved the study. Patients were informed but a written consent form was not required, according to French law, because the studies were part of the regular management of the patients. No examinations were performed only for the purpose of the study.
Data Collection
Perioperative data were collected from the hospital records. Demographic and anatomical data, medical history, operative records, and results of transthoracic echocardiography were systematically reviewed. Patient information was collected between July 2014 and December 2014. Duration of the follow-up was defined as the period between surgery and the last clinical visit. All patients had a periodic follow-up with their own cardiologist and additionally were closely followed up in Bordeaux University Hospital with at least one annual visit to obtain clinical details and to undergo a serial echocardiography. No patient was lost to follow-up.
Surgical Indication
The procedures were performed by 2 experienced surgeons independently. PVR was considered according to the guidelines proposed by Geva 9 : when an indexed RV end-diastolic volume at cardiac magnetic imaging (CMR) exceeded 150 mL/m 2 , when impaired RV function was present, or when New York Heart Association (NYHA) functional class III symptoms or worse was present. The decision to perform an associated TV repair for moderate or severe TR was based on the surgeon's preference.
Technique Used for PVR
Three types of pulmonary valve were inserted into the orthotopic position depending of the surgeon's preference, without a time difference in the use of these pulmonary valves. The implanted valves were the Carpentier-Edwards Perimount bovine pericardial valve (Edwards LifeSciences, Irvine, Calif), the Hancock porcine-valved (DuPont, Wilmington, Del) Dacron conduit (Medtronic, Minneapolis, Minn), and the Medtronic Freestyle valve (Medtronic, Minneapolis, Minn).
Technique Used for TV Repair
A TV rigid ring annuloplasty was systematically used (MC3, Edwards LifeSciences); the ring was positioned from the anteroseptal commissure to the coronary sinus ( Figure 1 ). When a disrupted commissural chordae at the anteroseptal commissure or septal leaflet distortion secondary to patch closure of ventricular septal defect was found, a concomitant TV suture plasty (commissuroplasty) was added, by approximating together the adjacent edges of the leaflets at this commissure, thus partially obliterating the commissure. 
Preoperative Features
To determine whether significant TR occurred early or late after a complete repair, we reviewed echocardiographic studies obtained within 1 year of a complete repair but after initial hospital discharge. The preoperative (before PVR) echocardiographic assessment consisted of measurement of ventricular function, measurement of the maximal instantaneous Doppler gradient across the RVOT, and graduation of PR as none (grade 0), mild (grade 1), moderate (grade 2), or severe (grade 3). According to the American Society of Echocardiography guidelines, TR was graded, by use of the width of the vena contracta in an apical 4-chamber view, as none/trivial, mild, moderate, or severe. 10 Moderate TR and severe TR were considered as significant TR. Significant stenosis of the pulmonary valve was defined as a transvalvular maximal instantaneous Doppler gradient of >50 mm Hg measured along the RVOT. The lateral tricuspid annulus diameter was determined from an apical 4-chamber view. All patients except 4 with a previously implanted pacemaker had a preoperative CMR to measure the pulmonary regurgitant fraction, right and left ventricular end-diastolic and end-systolic volumes, and RV function. All patients with at least one episode of supraventricular (atrial flutter/fibrillation) or ventricular arrhythmia were mapped preoperatively and treated in the catheterization laboratory (radiofrequency ablation). The most common diagnosis was TOF with or without pulmonary valve atresia. All the patients had severe PR or mixed lesions with moderate stenosis (RVOT with a peak gradient <40 mm Hg). All cases were reoperations, except for one case of TOF with an absent pulmonary valve.
Operative Features
Initial TOF repair was performed via a transventricular approach. At PVR, all patients underwent a peroperative transesophageal echocardiography. Cardiopulmonary bypass in normothermia was used in all cases, with bicaval cannulation through a redo sternotomy (except in one patient). The operation was conducted with the heart beating for isolated PVR, or PVR associated with pulmonary branch arterioplasty, or resection of a right infundibular aneurysm. Closure of a residual atrial or ventricular septal defect or an aortic-valve replacement was performed with aortic crossclamping and warm-blood cardioplegia. TV repair were performed with or without aortic crossclamping, depending of the surgeon's preference according to the presence of an atrial or a ventricular septal defect. The indication for TV reintervention was severe TR associated with NYHA class III functional status.
Postoperative Features
Routine postoperative antiplatelet therapy was given for the first 3 postoperative months. To compare with preoperative data, a transthoracic echocardiography was performed 1 year after surgery. Significant postoperative TR was defined as moderate or severe valve insufficiency. CMR was carried out at 1 year postoperatively in 93 patients: 8 patients with a pre-or postoperative implanted pacemaker, 2 deceased patients, and 1 transplant patient did not have postoperative CMR. Transthoracic echocardiography and CMR results were reviewed systematically from the medical records to formulate a database. Routine postoperative cardiac catheterization FIGURE 1. Schematic representation of a tricuspid valve repair performed at the time of a pulmonary valve replacement in adults with repaired tetralogy of Fallot. The pulmonary valve replacement is performed by inserting the bioprosthetic valve into the orthotopic position. For the tricuspid valve repair, a rigid ring is positioned from the tricuspid valve anteroseptal commissure to the coronary sinus and is sometimes associated to a commissuroplasty.
was not performed. Early postoperative death was defined as any death that occurred within 30 days of surgery or during the same hospital admission. Overall mortality was defined as death occurring from the time of surgery to the most recent follow-up.
Definitions
Heart failure was classified according to the NYHA functional class. To evaluate the impact of TV repair, we divided the 41 patients with significant (moderate/severe) TR into 2 groups: a moderate group (group M) and a severe group (group S) (Figure 2 ). For each group, we compared patients who had undergone PVR alone with those who had undergone concomitant TV repair. Pulmonary valve degeneration was defined as a significant pulmonary valve stenosis, a significant regurgitation, or a combination of both. The indication for pulmonary valve reintervention was a gradient of >50 mm Hg or severe regurgitation with RV dysfunction.
Statistical Analysis
Statistical analysis was performed with the software SPSS 21 (SPSS Inc, Chicago, Ill). Continuous variables are expressed as means AE standard deviation. To assess their distribution, a Shapiro-Wilk test was used. Then, a Student t test (n ! 20) or a nonparametric Wilcoxon U test (n < 20) was performed to analyze them. A c 2 test (n ! 5) or the Fisher exact test (n<5) was used to analyze categorical variables. To determine preoperative factors that could influence the severity of TR, patients were divided according to the grade of TR and data were compared via a one-way analysis of variance. To analyze the variation of echocardiographic and CMR measurements, a paired t test was used. To analyze the difference of NYHA functional status after PVR, the Fisher exact test was used. The follow-up data on survival, reoperation, and reintervention were analyzed with standard Kaplan-Meier analyses. A log-rank test was used to compare the outcomes of patients who had PVR alone versus patients who had PVR and TV repair. A P<.005 was considered statistically significant.
RESULTS

Preoperative Factors Associated With TR
No patient had TR before the first corrective surgery. Mean interval time between initial TOF complete repair and PVR was 24.8 AE 9.3 years. No relationship was found between age at TOF repair or age at PVR and the degree of TR ( Table 2 ). The detection of moderate or severe TR in the first year after the initial corrective surgery was associated with the existence of severe TR at PVR (P<.001). Annulus tricuspid valve dilation also was associated with moderate/ severe TR (P<.001). RV volumes, RV function, age at the first corrective surgery, or age at PVR were not significantly associated with moderate/severe TR. 
Surgical Characteristics
). Three patients underwent peroperative epicardial lead and pacemaker implantation for preoperative sinus-node dysfunction.
Postoperative Course
In-hospital mortality was 1.9%. There were 2 early deaths on postoperative days 17 and 45. Preoperatively, both patients had severe RV dysfunction and moderate left ventricular dysfunction that necessitated postoperative extracorporeal life support but died of multiorgan failure in one case and septic shock in the other. One of these 2 patients had no preoperative TR and the other one had moderate TR. There was no death among the patients who underwent TV repair. There was a 100% follow-up for the survivors at a mean of 54.6 AE 34.6 months (range 6-150). There were no late deaths and survival was 98% at 1 and 5 years, respectively (Figures 3-5) . One patient required orthotopic heart transplantation at 16 months for biventricular heart failure. Two patients with a maximal instantaneous peak gradient of >50 mm Hg at the proximal anastomosis of the Freestyle valve underwent a conduit reintervention (at 13 and 26 months postoperatively). Among the patients with severe TR who underwent PVR alone, 2 suffered symptomatic severe TR during the postoperative course. They both required subsequent TV replacement with a bioprosthetic valve (at 8 and 12 months postoperatively). Event-free survival was 96% and 91% at 1 and 5 years, respectively ( Figure 5 ).
Group M Patients
Among the 24 patients, 8 underwent TV repair and PVR and 16 underwent PVR alone. The preoperative variables were comparable between these two subgroups (Table 3) . There was no statistical difference in postoperative variables, and no patient suffered from significant postoperative TR in either subgroup. NYHA score did not seem to be improved after TV repair.
Group S Patients
Among the 17 patients, 8 underwent TV repair and PVR and 9 underwent PVR alone. The preoperative variables were comparable between these 2 subgroups (Table 4) . Whereas there was no significant postoperative TRs in the subgroup who underwent TV repair and PVR, 7 significant postoperative TRs were noted in the group without TV repair (P ¼ .002). Of them, 2 had, for a second time, a TV replacement. For these 2 patients, a TV repair initially was not considered because of multiple previous operations (fourth sternotomies in both). Although all the patients who had TV repair and PVR were classified as NYHA functional class I, only 22.2% of patients who had PVR alone were classified as class I (P ¼ .004). Thus, in patients with severe preoperative TR, NYHA score seemed to be improved by performing concomitant TV repair.
DISCUSSION Insights from Left-Side Heart Diseases
Increasing evidence from acquired heart failure studies (secondary to left-sided heart disease, either ischemic or mitral valve disease) suggested that severe functional TR may result in reduced late survival and is associated with the onset of symptoms, atrial fibrillation, and heart failure. 11 Consequently, TV repair at the time of coronary-artery bypass surgery or mitral-valve surgery may be sometimes beneficial 12 ; however, it is still unclear whether the concept of TV repair performed in left-sided heart pathology can be extrapolated to congenital right-sided heart disease.
TR in Repaired TOF
In adults with repaired TOF, functional TR is common and mainly is due to annulus dilation, which is caused by RV dilation, itself secondary to long-lasting PR. In our series, the incidence of significant TR was 39.5%, which is comparable with previously reported incidences, varying from 19% to 58%. [3] [4] [5] A recent study highlighted the fact that early reduction (in the first 2-3 postoperative years after PVR) in RV size, progressively deteriorates at 7 to 10 years post-PVR, leading to reverse remodeling and worsened RV function. 13 This secondary deterioration has been inherent mostly to a subsequent progressive bioprosthetic pulmonary valve dysfunction, but some has been attributed to a TR. 13 This finding corroborates the fact that TR itself may play a role in the development of RV failure. Thus, Said and colleagues 6 argued for early PVR before the development or the progression of TR in relation to an annular dilation. As a consequence, these authors systematically perform a TV repair for moderate/severe TR when associated with severe dilation of the tricuspid annulus. 6 Importantly, the decision for TV repair should be made preoperatively because the conditions of anesthesia generally reduce TR by at least one grade.
In contrast, Cramer and colleagues 5 reported that TV repair at the time of PVR may not have a clinical benefit, with a similar TR grade at 6 months postoperatively with or without TV repair (in the absence of a clear tricuspid valve abnormality). In this study, however, patients who underwent PVR alone had a slightly lower grade of TR (2.2 vs 2.7, P ¼ .008) and a slightly smaller tricuspid valve annulus diameter, compared with patients who underwent concomitant TV repair.
Similarly, Kogon and colleagues 7 reported the outcomes of 35 patients who had at least moderate TR at PVR, of whom 16 underwent PVR with concomitant TV repair and 19 underwent PVR alone. The degree of TR and RV dilation decreased significantly at 1 month postoperatively, with or without TV repair, concomitantly with a reduction in RV size and volume. The fact that, for severe TR, however, 8 of the 9 patients underwent an annuloplasty has to be underscored. Nonetheless, leaving a moderate TR at PVR is probably a valuable strategy for secondary (ie, with annulus dilation) moderate TR.
Indeed, in our study, all group M patients had no significant TR at mid-term, with or without concomitant TV repair. We hypothesize that, PVR being efficient at improving RV volume and function, the change in loading condition explains this improvement. In contrast, for our patients with severe preoperative TR, a TV repair was beneficial. Indeed, at mid-term postoperatively, no patients in group S who underwent TV repair had significant TR. In a retrospective multicenter study, it was found that a long time after PVR, TR grade remained lower in patients with TV repair (P<.001).
14 Moreover, it was stated that patients with severe preoperative TR had a higher risk for adverse events during a 5-year follow-up. At the opposite, Kogon and colleagues 8 suggested that concomitant TV repair may impair long-term tricuspid valve function with a greater degree of TR in patients who undergo PVR with concomitant TV repair. Of note, a semirigid or rigid annuloplasty ring in this study rarely was used (19%).
Mechanisms of TR
When we reviewed the echocardiographic data obtained within the first year after initial complete repair, significant TR was a risk factor for severe TR at the time of PVR. Mahle and colleagues 4 found that, in some patients,
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significant TR occurred early after a repaired TOF and may have preceded RV dilation. TRs were caused by structural valve abnormalities (tethered septal leaflet and prolapsing or flailing leaflet), and were potentially related to the previous surgical intervention. Those data suggest that 2 mechanisms exist to explain TR: (1) a functional etiology (due to annulus dilation) associated with moderate TR and (2) an iatrogenic etiology caused by chordal disruption or tricuspid septal-leaflet distortion secondary to ventricular septal defect closure at the time of complete TOF repair. The iatrogenic etiology can be worsened by the functional etiology. Consequently, it seems important to avoid TR after a complete TOF repair. In our series, most patients underwent a TOF repair and its subsequent ventricular septal defect closure through the RV. Ventricular septal defect was closed through the right atrium, making it easier to assess the TV and to close the anteroseptal commissure if necessary. Contrary to previous study, we did not find that RV volume was correlated to the development of TR. Benefit-Risk Balance of TV Repair at the Time of PVR The risks and benefits of operating on the tricuspid valve during PVR must be ascertained carefully. Performing a concomitant operation in adults with congenital heart disease is a risk factor for adverse events. 15 Furthermore, the additional operative time and aortic crossclamp time required to perform TV annuloplasty also should be considered. Antunes and Barlow 16 stated that concomitant annuloplasty would not add excessive time to a cardiopulmonary bypass and aortic cross clamping. Furthermore, TV surgery with the heart unclamped (either beating or fibrillating) during minimally invasive TV surgery, has already been described. 16, 17 The surgical technique used to repair the TV is relatively easy and straightforward (Video 1). Moreover, congenital abnormalities of the TV have been rarely reported in TOF. 4 Thus, for isolated functional TR, an annuloplasty is used. In case of iatrogenic lesion, a partial closure of the anteroseptal commissure is performed associated with an annuloplasty ring to stabilize the repair and to reduce the annular diameter, which is often dilated due to long-lasting PR. The application of a rigid (or semirigid) ring has been shown to offer the most durability over time in series that have compared flexible bands with plication annuloplasty techniques (like De-Vega's semicircular annuloplasty technique). 18 This technique is currently our standard of care in this situation. In our study, the patients in group S with significant residual TR (none of which have concomitant TV repair) had significantly a worse NYHA status and 2 of these 7 patients underwent in a second time a TV replacement. Considering the fact that TV reoperations are associated strongly with high mortality rates and poor long-term outcomes, evaluating the potential benefits of TV repair is of great importance. 16 
Limits
This study has several limitations inherent to its retrospective and observational aspect. Indeed, data collection was limited to variables that were available in the medical records. Furthermore, patients were not randomized but chosen based on an individual surgeon's preference and therefore creating an inherent selection bias with regards to performing TV repair or not. Although we have reported the benefits of TV repair during PVR for severe TR over an early-and mid-term follow-up, longer-term studies are needed to determine the longevity of TV repair in this context. Finally, the small size of our cohort (16 patients vs 8 with moderate TR and 9 vs 8 with severe TR) hampers drawing strong conclusions.
CONCLUSIONS
TR frequently is encountered in adult patients with repaired TOF (or equivalent). Even if its pathophysiology is multifactorial, TR seems to be more severe when present within the first year following the initial corrective surgery. TV repair performed at the time of PVR is safe and feasible. Although TV repair does not seem to be beneficial for patients with moderate preoperative TR, this procedure appears to be of interest only for patients with severe preoperative TR. Thus, in case of severe TR, TV repair, should be systematically considered when PVR is planned. Further studies are needed to confirm the good mid-term outcomes of these patients. 
